Abstract Lava flow thicknesses, volumes, and effusion rates provide essential information for understanding the behavior of eruptions and their associated deformation signals. Preeruption and posteruption elevation models were generated from historical stereo photographs to produce the lava flow thickness maps for the last five eruptions at Hekla volcano, Iceland. These results provide precise estimation of lava bulk volumes: century. We suggest that this is related to increased resistance along the eruptive conduit.
Introduction
Lava flow thicknesses, volumes, and effusion rates provide essential information for understanding the behavior of effusive eruptions and are important eruption parameters giving insight to eruption size and style. Furthermore, lava volumes are important in evaluating localized lava loading (Grapenthin et al., 2010; Murray, 1988; Ofeigsson et al., 2011) , and lava volumes and thickness are critical for calibration of lava flow simulation models.
The volcano Hekla is one of the most active volcanic systems in Iceland and has erupted~23 times since the settlement of Iceland in AD 874. These historical eruptions have primarily been studied by comparing literary sources with tephra chronological studies (Thórarinsson, 1967) , providing a volcanic record which suggests that the total erupted volume correlates linearly with the duration of the preceding repose period, indicating a constant production rate of 7 km 3 dense rock equivalent (DRE) over the last 1,100 years (Thórarinsson, 1967; Thórarinsson & Sigvaldason, 1972) . However, this estimate is based on tephra volumes assuming that the lava constitutes~80% of the total eruption volume based on post-1,700 AD eruption volumes (e.g., Jakobsson, 1979; Thórarinsson, 1967; Thordarson & Larsen, 2007) .
Hekla mountain erupted 5 times (1947-1948, 1970, 1980-1981, 1991, and 2000) in the 20th century, producing tephra and basaltic-andesite lava flows. These five eruptions were monitored and have detailed descriptions of the course of events (e.g., Gronvold et al., 1983; Gudmundsson et al., 1992 Thórarinsson, 1967; Thórarinsson & Sigvaldason, 1972) . However, the lava volume estimates are uncertain because they are based on the planimetric method (Stevens et al., 1999) , where the area of the flow field is multiplied by an estimated average lava thickness. Due to coarse sampling of lava thickness profiles, previous studies suggest that the planimetric volume estimates yields up to 50% uncertainties (Stevens et al., 1999; Wadge, 1978) .
Here we address this problem by generating preeruption and posteruption digital elevation models (DEMs) for the last five eruptions from historical stereo photographs to produce the first lava flow thickness maps at Hekla volcano, Iceland. This enables high-precision estimates of lava volumes and effusion rates.
Data and Methods
Repeated aerial stereo-photogrammetric surveys have been conducted over Hekla since 1945. Seven sets of cloud-free aerial photographs from 1945 to 1992 were collected, covering the erupted lavas before and after each of the eruptions in 1947-1948, 1970, 1980-1981, and 1991 . Additional orthorectified photographs from Loftmyndir ehf and DEMs from airborne Synthetic Aperture Radar (Guðmundsson et al., 2011; Magnússon, 2003) , TanDEM-X (Rizzoli et al., 2016) , and lidar were used in order to study the eruption in 2000. Furthermore, the lidar DEM, surveyed in 2015, was used as source of ground control points to constrain the photogrammetric campaigns. An overview of the quality of each data set is provided in Table S1 in the supporting information.
A series of DEMs and orthophotos from 1945 to 1992 were created using digital photogrammetric techniques (see Text S1 in the supporting information; Magnússon et al., 2016; Nuth & Kääb, 2011) . The difference of DEMs in a chronological sequence reveals the lava thickness from each eruption, and the orthophotos permit high-resolution mapping of the succession of lava flow fields. Hence, lava areas and volumes were calculated for each lava flow as well as for the entire flow field produced in each eruption (Tables 1 and S2 ). An accuracy assessment was performed in order to evaluate the uncertainty on the lava flow thicknesses by comparison of the derived elevation differences in areas where no changes were expected (Text S1). The lava volumes were converted to DRE, assuming 15 ± 10% vesicularity and the total volumes are calculated based on the DRE volume assuming a density of 2,550 kg m À3 (Sigmundsson et al., 1992) .
Eruptions at Hekla Volcano in 20th Century

Lava Thickness and Volumes
The thickness maps (Figure 1 ) cover each of the last five lava-producing eruptions and allow precise estimation of the lava flow volumes and the mean output rate, MOR (Harris et al., 2007) . Along with the eruption parameters for the 1980-1981 eruption episode, details for the two individual eruptions in 1980 and 1981 are also provided. This is done by assuming that the average 1980 lava thickness outside the overlapping 1980 and 1981 lava field is representative for the entire 1980 lava field. Furthermore, our estimate of the 1981 eruption episode is a minimum estimate since our preeruption DEM does not take the erosion from the 1980 jökulhlaup into account . Note. Mean output rate (MOR) is based on the bulk lava volume and the eruption duration. The mean lava flow field thickness is denoted th and E is explosivity. DRE, dense rock equivalent.
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The average lava flow field thicknesses range from 5.5 m in the shortest eruption to 19.1 m in the longest eruption, while the bulk lava volume varies from 0.095 ± 0.005 km 3 to 0.742 ± 0.086 km 3 (Table 1) .
Combined with the previous published tephra volumes (assuming 50% uncertainty) from the last five eruptions (Thordarson & Larsen, 2007) , the total erupted volume can be calculated. The lava volume is 80-100% of the total erupted volume, and hence, the explosivity (Thórarinsson, 1967) varies from 0 to 20%.
The 1947-1948 eruption is the largest eruption and provides a bit more than half of the total erupted in the 20th century. The MOR values vary from 22 to 479 m 3 s
À1
, while the production rate varies from 7 · 10 6 to 40 · 10 6 m 3 yr À1 during the century (Table 1 and Figure 2 ). The varying production rate is mainly caused by the varying volume of the last three eruptions (from 0.095 ± 0.005 km 3 to 0.241 ± 0.019 km 3 ), which each had a repose period of~10 year ( Figure 2a ).
The eruption volume from 1845 to 2000 suggests an average production rate of 8.9 · 10 6 m 3 yr
, while the slope of the cumulative volume (Figure 2b) (Thórarinsson, 1967) .
Effusion Rates
The last five eruptions at Hekla followed the same pattern of high initial effusion rate, which quickly dropped and was followed by a period of slowly declining effusion rate reaching minimum of~1 m 3 s Geophysical Research Letters 10.1002/2017GL076887 (Gudmundsson et al., 1992; Höskuldsson et al., 2007; Thórarinsson, 1967 Thórarinsson, , 1970 . We therefore test if the effusion rate fit a simple exponentially declining (SED) effusion rate model for each eruption (see Text S2). These models are subsequently compared with observation of effusion rates (Figure 3 ).
À1
In the 1947-1948 eruption, the effusion rate in the initial phase decreased in a near exponential fashion, and the eruption nearly ended after 5 days. After the central vents on the ridge shut down, the observed effusion rate went as low as 1-2 m 3 s À1 for 10 days, and then slowly, stepwise increased the next 50-60 days reaching a new maximum of nearly 100 m 3 s À1 3.5 months into the eruption (Thórarinsson, 1976) . Likewise does the 1970 and 1991 eruption show delayed increase in effusion rate after 15 and 25-40 days, respectively (Gudmundsson et al., 1992; Thórarinsson, 1970; Thórarinsson & Sigvaldason, 1972) , while there are no reports on increased effusion rates after the initial high effusion phase in the 2000 eruption. eruption volume and coeruptive tilt change at the station Naefurholt (Sturkell et al., 2013; Tryggvason, 1994) . The regression lines are marked with dashed lines.
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The 1980-1981 eruption started with the initial 3 day eruption from 17-20 August 1980 which was followed by a 10 day eruption from 9 to 16 April 1981. There are no estimates of effusion rates from the 1980-1981 eruption, but our volume estimates reveal that the 1980 eruption has a MOR of 479 m 3 s À1 , which is 5-20 times higher than any other eruption at Hekla in the 20th century. The tephra production during the renewed activity in 1981 was negligible ; the eruption had MOR of 78 m 3 s À1 and the lavas were chemically indistinguishable from the 1980 eruption.
Overall, the SED models show poor correlation with the observed effusion rates. They underestimate the initial phase, overestimate the effusion rate after the initial phase, and do not fit the delayed increase in effusion rate as observed in [1947] [1948] 1970 , and 1991 eruptions. Published effusion rate estimates are marked with black crosses (Gudmundsson et al., 1992; Höskuldsson et al., 2007; Thórarinsson, 1976; Thórarinsson & Sigvaldason, 1972) . The y axis is in logarithmic scale. (e and f) Mean output rate values from the last five eruptions as a function eruption volume and duration.
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4. Discussion
Lava Volumes and Production Rate in Hekla in the 20th Century
The high-resolution thickness maps of the last five Hekla eruptions improve the volume estimates for each eruption and for the 20th century as a whole. The previous estimates of the 1947 -1948 (Thorarinsson, 1976 as well as the 1970 estimates (Thórarinsson, 1970; Thórarinsson & Sigvaldason, 1972) Moreover, it may explain some of the discrepancy between observed SO 2 release based on remote sensing (Rose et al., 2003) data and the calculated gas release (Moune et al., 2007) .
The change in the 1991 and 2000 eruption volumes also improves the correlation between the measured E-W coeruptive tilt change at the Naefurholt station ( Figure 1 ) and erupted volume (Sturkell et al., 2013; Tryggvason, 1994) . The new data show approximately a linear relation between coeruptive tilt and the erupted volume, indicating that tilt measurements at this station can be used as a proxy to estimate the eruption volume (Figure 2d ).
The production rate at Hekla mountain has varied from 7 · 10 6 to 40 · 10 6 m 3 yr À1 during the 20th century and therefore question if Hekla has as a steady production rate as previously proposed Hautmann et al., 2017; Kjartansson & Gronvold, 1983; Thórarinsson & Sigvaldason, 1972) . This proposition has been based on a suggested linear correlation between preceding repose time and eruption volume. Making the same plot with the new, precise lava volumes (on average~90% total DRE volume) reveals a significant scatter for repose periods of~10 years, and the slope of such a proposed correlation is badly constrained with only one data point for repose periods >20 years (Figure 2c ). Since the proposition has been based on tephra volumes, we therefore also plot a linear regression line based on the tephra volumes from the 20th century against tephra volumes from 1,100-1,900 years (Thórarinsson, 1967; Thordarson & Larsen, 2007) . These data clearly plot above the regression line, and like the lava volumes, they reveal a significant scatter up to 0.1 km 3 DRE for eruption with similar repose periods (Figure 2c) . Thus, the production rate at Hekla seems to be variable on 10-100 year time scale.
The total eruption volume from Hekla volcano in the 20th century is larger than any other Icelandic central volcanoes and is similar in size to the 6 month Holuhraun eruption in 2014-2015 (Pedersen et al., 2017) . However, rates of higher productivity have been observed over shorter time periods, for example, during the Krafla fires (Harris et al., 2000) . The productivity in Hekla seems to be comparable to Etna volcano and the outer rift zones of Piton de La Fournaise (Michon et al., 2015; Wadge et al., 1975) but is up to a magnitude smaller than Kilauea and Soufrière Hills (Poland, 2014; Wadge et al., 2010) .
Effusion Rates in Hekla in the 20th Century
Hekla has been regarded as a closed volcanic system because of its preeruption and posteruption deformation pattern, the lack of venting, and the low degassing level (Ilyianskaya et al., 2015) . The observed correlation between coeruptive deflation and eruption volumes supports that assumption. Furthermore, the observed MOR rates at Hekla are comparable in magnitude to episodic fissure eruptions from closed pressurized systems such as the 2014 Holuhraun eruption, the 1975 -1984 Krafla fires, the 2001 -2012 Nyamulagira eruption, and the 1975 -1976 and 2012 -2013 Tolbachik eruptions (Albino et al., 2015 Dierschl & Rossi, 2018; Gudmundsson et al., 2016; Harris et al., 2000; Kubanek et al., 2017) .
The SED models have been ascribed to apply to closed volcanic systems, where reservoir pressurization is released during eruptions by transfer of elastic strain energy stored in the reservoir rocks (Wadge, 1981) .
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The lava effusion is solely controlled by strain relaxation, and thus, large eruptions should be characterized by longer duration and higher MOR values.
Contradictory to what would be expected, the observed effusion rates during Hekla eruptions do not fit SED models and larger eruptions have lower MOR (Figure 3 ). This suggests that magma release and thereby lava effusion at Hekla is not solely controlled by release of strain energy and indicates that Hekla may not be a simple closed volcanic system.
The 1980-1981 eruption episodes and the 2000 eruption belong to a category of short, high MOR eruptions which suggest that processes (e.g., magmatic expansion) drain the reservoir faster than pure strain relaxation magma. On the other hand, the [1947] [1948] 1970 , and 1991 eruptions all lasted several weeks and have more moderate MOR values and a delayed increase in effusion rate. This category of eruptions does not fit the SED models either, and we suggest that conduit erosion over time scales of 2-4 weeks may have widened the conduit allowing sustained flow during lower magma pressures, producing the delayed increase in effusion rate. Another explanation can be that the pressure decrease caused by the initial erupted phase triggers deep-seated magma replenishment, which feeds the reservoir during longer eruptions and causes the delayed increase in effusion. This process could explain the late opening of the last vent in the 1970 eruption and the 1981 eruption episode. Our data cannot reveal if such magma replenishment could be due to buoyant flow tapping poroelastic crystal mush as suggested by Hautmann et al. (2017) , but we suggest that a magma replenishment model should be able to explain increase of effusion rate from 1 to 100 m 3 s À1 within 2 months as observed in the 1947-1948 eruption.
The lava effusion at Hekla during the 20th century therefore reveals that multiple processes such as magmatic expansion, release of strain energy, conduit erosion, and magma replenishment all may impact the magma drainage, but at different time scales.
During the 1947-1948, 1970, 1991, and 2000 eruptions, the active vents migrate 325-480 m downhill (Figure 4) , which is equivalent to a rough pressure drop during the eruption of 8-12 MPa (using same Table S2 ). (b) Pressure drop and pressure drop gradients for the 1947-1948, 1970, 1991, and 2000 eruption. There is no reported vent migration for the 1980-1981 eruption and therefore no estimates from this event.
Geophysical Research Letters (Figure 4d ), indicating that the magma chamber loses the excess pressure faster. Sturkell et al. (2013) suggested that a sizable molten conduit evolved during the 1947-1948 eruption and that its dimensions have been sufficiently large to remain molten on the time scale of 10-20 years, equaling the repose periods after the 1947-1948 eruption. This molten conduit extends into the shallow crust, which has lower tensile strength compared to the rocks surrounding the magma reservoir, and thus, lower excess pressure is required before rupture, explaining the change of repose periods after the 1947-1948 eruption. This would also explain why the excess pressure required in the 1947-1948 eruption is around 12 MPa, significantly lower in the 1970 eruption (8 MPa) and then increases to~11 MPa in the 1991 and 2000 eruption. Based on this model, the increase in the pressure drop gradient can be explained by increased hydrodynamic resistance along the conduit caused by cooling reducing the conduit radius. Each eruption would increase the conduit length and radius, but this increase would be smaller than the decrease due to cooling during repose periods, probably except for the case of the 1981 eruption. In the 2000 eruption the increased resistance caused the eruption to cease before the thermal erosion of the conduit system could allow more efficient magma evacuation as in the previous eruptions. This indicates that the conduit may be closing, and we may expect a change in eruptive frequency toward longer repose periods.
Conclusions
Lava thickness maps were produced for the five eruptions in the 20th century at Hekla volcano based on preeruption and posteruption elevation models generated from historical stereo photographs. These results provide precise estimation lava volumes: . The production rate at Hekla mountain has varied from 7 · 10 6 to 40 · 10 6 m 3 yr À1 during the 20th century and therefore question if Hekla has as a steady production rate as previously proposed. The new volumes suggest a linear correlation between coeruptive tilt change and erupted volume, indicating that the tilt station Naefurholt may be used to estimate the eruption volume.
A simple exponential declining effusion models cannot describe the effusion rate in Hekla eruptions during the 20th century and do not fit the initial high effusion phase nor the 15-25 days delayed increase in effusion observed in the [1947] [1948] 1970 , and 1991 eruptions. We therefore discard effusion rate model only controlled by elastic strain release and suggest that multiple processes such as magmatic expansion, release of strain energy, conduit erosion, and magma replenishment all may have impact the magma drainage in Hekla over different time scales.
During eruptions, the active vents migrate 325-480 m downhill, suggesting minimum pressure drop during eruption of 8-12 MPa. Through the 20th century the pressure drop gradient increased from 0.4 to 11 Pa s À1 in the 2000 eruption. We suggest this is related to increased resistance along the eruptive conduit and speculate that this increased resistance was responsible for ending the 2000 eruption before thermal erosion allowed the secondary effusion peak as observed in the other three eruptions.
